Abstract. Many of the asexual stage Plasmodium falciparum proteins that are the targets of host protective responses are markedly polymorphic. The full repertoire of diversity is not defined for any antigen. Most studies have focused on the genes encoding merozoite surface proteins 1 and 2 (MSP1, MSP2). We explored the extent of diversity of some of the less studied merozoite surface antigens and analyzed the degree of complexity of malaria field isolates by deriving nucleotide sequences of several antigens. We have determined the genotype of apical membrane antigen 1 (AMA1) in a group of 30 field samples, collected over 29 months, from individuals living in an area of intense malaria transmission in Irian Jaya, identifying 14 different alleles. AMA1 genotyping was combined with previously determined MSP2 typing. AMA1 had the greatest power in distinguishing between isolates but methodological problems, especially when mixed infections are present, suggest it is not an ideal typing target. MSP1, MSP3, and glutamate-rich protein genotypes were also determined from a smaller group of samples, and all results were combined to derive an extended antigenic haplotype. Within this subset of 10 patients, nine different genotypes could be discerned; however, five patients were all infected with the same strain. This strain was present in individuals from two separate villages and was still present 12 months later. This strain was predominant at the first time point but had disappeared at the fourth time point. This significant change in malaria genotypes could be due to strain-specific immunity developing in this population.
INTRODUCTION
Effective malaria vaccination with a subunit vaccine would reduce the enormous global disease burden resulting from Plasmodium falciparum infection. A number of surface proteins of the asexual stage merozoites of this parasite have been proposed as useful components of such a vaccine; these proteins appear to play an important role in the process of red blood cell invasion. The proteins include integral membrane proteins such as apical membrane antigen 1 (AMA1) 1 and merozoite surface proteins (MSP) 1 2 and 2 3 . Others such as the MSP3 4 and the glutamate-rich protein (GLURP) 5 are peripheral membrane proteins that associate with the merozoite surface by protein-protein interactions.
A common feature of these surface proteins is the existence of polymorphic forms of the antigen. These proteins are all encoded by single copy genes, and within endemic areas there are many distinct parasites, each expressing different forms of these proteins. MSP1 varies in size from 180 to 210 kDa (Figure 1 ) with two dimorphic families that have certain familyspecific sequence blocks. 6 Block 2 of MSP1 is a highly variable region, and analysis of this sequence block has been used extensively to define MSP1 genotype. MSP2 is a 36-to 54-kDa protein with central, family-specific amino acid repeats flanked by nonrepetitive family specific regions. 7 AMA1 is an 82-kDa protein with a strictly conserved structure. 8 Extensive nonsynonymous point mutations are found throughout the gene with a particular concentration in the region coding for the peptide sequence bound by the first and eighth cysteine residues, the so-called hypervariable region (HVR).
8 MSP3 has alanine-heptad repeat amino acid regions that are predicted to form structural ␣-helices and are the site of polymorphism. GLURP is a 220-kDa exoantigen found in the parasitophorous vacuole. The single full-length GLURP sequence available to date (strain F32) shows two amino acid repeat regions (R1 and R2) with degenerate repeat motifs found in both. Diversity in GLURP has been indicated by different sized polymerase chain reaction (PCR) products from the R2 region of various laboratory-adapted 5 and field strains. 9 Some proteins such as MSP1, 10 ,11 MSP2 12 (B. Genton. Swiss Tropical Institute, unpublished data), and AMA1 13, 14 have already shown promise as components of an asexual stage vaccine. However, immunity induced by these antigens is, in general, effective only if challenge occurs with a parasite strain expressing an identical sequence. 15, 16 Accordingly, considerable interest has attended the elucidation of the degree of diversity of candidate vaccine molecules in naturally occurring isolates. Field studies of antigenic diversity mostly report details of size of repeat regions and assignment to dimorphic families of multiple loci. [17] [18] [19] There is no nucleotide sequence information on several antigens from single isolates. Marked diversity has been found in genes encoding MSP1, 20 MSP2, [21] [22] [23] and AMA1, 8, 24 and the total repertoire of these proteins is estimated to be in the hundreds. More limited studies are available of the diversity of MSP3 25 and GLURP. 9 We have previously reported on MSP2 diversity in a collection of blood samples from four cross-sectional surveys of patients in the Oksibil region of Irian Jaya. 21, 23 No individual was reinfected with a parasite expressing the same MSP2 allele, and there was a complete change in the type of MSP2 alleles circulating over the period of the study. These data were interpreted as being consistent with the existence of allelic specific immunity to MSP2. We have examined the same sample set to determine diversity in AMA1 and to examine whether the sequences found in reinfecting parasites are consistent with a model of allelic-specific immunity. We demonstrate here that sequencing of five polymorphic loci can very accurately identify distinct genotypes. We show that there are a number of difficulties associated with genotyping of field isolates in areas of high transmission where mixed allelic infections interfere with precise strain assignment. Importantly, there appeared to be evidence of strain-specific immunity with the disappearance over time of the dominant strain from the first time point of the study.
MATERIALS AND METHODS
The location and characteristics of the study site have been described previously. 26 The characteristics of malaria transmission in the region were investigated by field workers from the United States Navy Medical Research Unit 2, Jakarta (NAMRU2) because of a reported dramatic increase in malaria deaths. 26 Briefly, this is a remote, isolated highland valley of Irian Jaya near the Papua New Guinea border. There are four major villages in the Oksibil subdistrict where the population of approximately 2,000 live. Intense year-round transmission of malaria was recorded, with 34% of the population slide positive for malaria over five-point prevalence studies from May 1990 to July 1991. 26 From the just-mentioned survey of malaria in the Oksibil subdistrict, 26 a group of study participants were identified who gave informed consent for donation of repeated blood samples. These individuals were not selected for symptoms suggesting malaria, only for their willingness to continue to have blood samples taken. Blood samples were taken with informed consent from a cohort of 19 individuals on four occasions over 29 months from January 1991 to June 1993 (Table 2) . At subsequent visits by the NAMRU2 field workers, efforts were made to ensure that as many as possible of previous participants had blood samples taken again, but the success of this was limited by day-to-day demands on the study population. Similarly, NAMRU2 field workers were unable to visit the region at set intervals. Microscopy results are available for the first and second time point samples only.
After the manner of description of MSP2 alleles in this sample set, 21 we have used a systematic nomenclature to describe the allelic forms of multiple genes. It consists of the letter O followed by the bleed number/sequential numbering of alleles of a particular antigen. Separated red blood cells from blood samples were mixed with 8 M guanidine hydrochloride/0.1 M sodium acetate in the field. Plasmodial DNA was extracted as described.
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AMA1 hypervariable region amplification and sequencing. AMA1 was amplified using one primary and one or two nested PCR reactions. The initial amplification using the outermost 5Ј and 3Ј primers was performed on 5 L of genomic DNA in 50-L reaction volumes of 5 mM Tris hydrochloride pH 8.3, 50 mM potassium chloride, 0.5 mg/mL gelatin, 2.5 mM magnesium chloride, 200 M mixture of dNTPs (Pharmacia Biotech, Uppsala, Sweden), with primers p361 and p362, and 1.25U Ampli-Taq Gold polymerase (Perkin Elmer, Branchburg, NJ). The PCR reaction conditions and oligonucleotide primer sequences are listed in Table 2 . PCR reactions were performed in a MJ Research MiniCycler thermal sequencer (Watertown, MA). Second-round amplification was performed in 50-L reactions with 1 L of the first-round reaction products as template and using nested primers, PfAMA1f and pDE1 (see Table 2 ), to amplify the hypervariable region of AMA1. PCR products were visualized with ultraviolet light after electrophoresis using 1% agarose gels stained with ethidium bromide. For some specimens, two rounds of nested PCR did not produce visible amplification products, and in this situation an additional nested PCR reaction was performed. After the first round of PCR as described previously, a different nested PCR was performed using primers p351 and p363 (see Table 2 ) with other reagents in the same concentration as just described. We then used 1 L of this reaction was then used as the template for a third PCR reaction using primers PfAMA1f and pDE1 as described previously.
PCR products were prepared for direct sequencing using a Wizard PCR Preps kit (Promega, Madison, WI). This strategy of sequencing the population of PCR products was specifically chosen to reduce the likelihood of error arising from misincorporation of bases. Sequencing reactions were performed in a thermal cycler using dye terminator reaction and were analyzed using a 377-DNA sequencer (PE-ABI, Foster City, CA). Double-stranded nucleotide sequence was analyzed, and a number of mixed allelic samples were evident. This was indicated by the presence of mixed peaks on the sequencing trace at nucleotide positions known to be polymorphic. In three samples where this was present, recombinant AMA1 clones were prepared to resolve the mixed sequence.
Repeat final nested AMA1 hypervariable region PCR reactions were performed as described previously except that primers AMA1f EcoRI and AMA1r HindIII were used to incorporate restriction sites for cloning. PCR reaction products were prepared for cloning using DNA Wizard PCR Preps and then ligated to pUC18 using the restriction sites just mentioned. Recombinant plasmids were transformed into Escherichia coli DH5␣ and transformants selected as described. 21 Clones were prepared for sequencing using Wizard (4) 3 (2)|3 (1) 18 (1)|19 (9) Alleles previously observed/total alleles † Plus Minipreps (Promega, Madison, WI). Subtraction of one allele after analysis of recombinant AMA1 clones allowed for the identification of the sequence variant of AMA1. The recombinant AMA1 clone showed the nucleotide sequence of one of the pair of AMA1s found in the PCR products. The mixed peaks present at variable nucleotide positions on the direct PCR sequence could then be assigned to each of the AMA1 genes present. Ampli-Taq/Pfu PCR for mixed AMA1 allelic infection. Where dual AMA1 allelic infections were not shown on direct sequencing of PCR products but were expected because of mixed MSP2 alleles in the same specimen, the samples were restudied with nested PCR reactions using a mixture of DNA polymerases: Ampli-Taq (Boehringer Mannheim, Germany, and Perkin Elmer, Branchburg, NJ) 5:Pfu (Promega, Madison, WI) 0.6. This aimed to increase both the sensitivity and accuracy of the PCR reaction and increase the likelihood of multiple alleles being simultaneously amplified.
MSP1/MSP3/GLURP PCR and sequencing. PCR reactions to amplify MSP1, MSP3, and GLURP were also performed with reaction mixtures as described previously and primers/conditions as shown in Table 2 . Nested PCR reaction products were visualized with ultraviolet light after electrophoresis in 1% agarose gels. When multiple bands were seen in the MSP1 and MSP3 reactions, these were separately excised from 1% agarose or from 3% agarose gels if they were insufficiently resolved in lower concentration gels. These products were prepared for direct sequencing as described earlier or, if they required electrophoretic separation, by QIAquick gel extraction (Quiagen, Hilden, Germany).
Sequence analysis. Nucleotide sequences were analyzed using SeqEd software and were aligned using the GCG suite of programs.
RESULTS
AMA1 genotypic diversity over 29 months. The AMA1 hypervariable region was amplified and sequenced from 30 parasitemic samples. All microscopy-positive samples were positive by PCR. One individual with P. falciparum gametocytes but no asexual stages seen on microscopy was positive by PCR. One individual (Subject P, Time Point 4), persistently negative for MSP2, was positive for an AMA1 allele. Subtraction of one allele after analysis of recombinant AMA1 clones allowed for the identification of the sequence variant of AMA1. Three of the 10 samples previously found to have mixed MSP2 allelic infections were shown to have mixed AMA1 alleles by this means. When the other seven of these 10 samples were amplified by PCR, only a single AMA1 sequence was found. A strategy designed to increase the probability of amplifying minor population AMA1 alleles was then pursued using a mixture of Taq and Pfu polymerases. This approach did reveal additional AMA1 alleles that were different from the Taq-amplified alleles for those seven samples.
Fourteen different AMA1 alleles were found in this group of samples, 13 of which were novel compared with the known set of sequences in Genbank or the World Health Organization malaria sequence database (Figure 2 ). The FC27 strain AMA1 HVR region was present in three samples and is referred to as O1/1. Point mutations in the other alleles occurred in known variable positions in all cases except for two newly identified locations: amino acid residues 41 and 96 in the HVR (see Figure 2) .
Eleven individuals had more than one parasitemic sample analyzed over sequential bleeds. Two of these 11 individuals were infected at two time points with the same AMA1 allele. Patient K was infected with parasites expressing the O1/6 and O1/7 alleles at the first time point, was reinfected by parasites expressing O1/7 12 months later, and finally experienced another mixed infection with parasites expressing O1/6 and O1/2 a further 17 months later. Patient E had had a mixed infection at Time Point 1 with parasites expressing O1/5 and O1/4 and was reinfected with parasites expressing O1/5 12 months later. Although persistence of parasites expressing the same AMA1 allele has not been specifically excluded by frequent sampling, it appears most likely that these are truly reinfections. The MSP2/AMA1 genotype of these infections shows new combinations of these alleles in each successive infection. AMA1 amplification is more sensitive than MSP2 PCR in this study, but the possibility that MSP2 alleles have not been amplified appears remote because samples from three of the four time points studied had mixed infections readily identified by both MSP2 and AMA1 genotyping.
AMA1/MSP2 allele comparison. The AMA1 and MSP2 alleles for this data set were compared (Table 1) . At both the 1 ‡ Strain MAD20. 6 § Strain D10. 4 ¶ Strain F32. 5 first and the fourth time points, there was a clearly dominant MSP2 allele but this was less marked for AMA1. Overall, the diversity of these genes was similar, with 15 alleles of MSP2 21 and 14 alleles of AMA1 being detected. The MSP2 alleles changed totally across the 29 months of the study, with no MSP2 found at the first time point still being detected at the last time point. However, AMA1 alleles were more likely than MSP2 to be observed again at later time points ( 2 , P ‫ס‬ .006). Linkage analysis showed no evidence of linkage between these two antigens. Supporting this point was the observation that the dominant first time point MSP2 allele O1/ 1/FC27 was associated with four different AMA1 alleles. Using a two-locus strain definition, however, shows that the strain O1/1/FC27:O1/3 is common at the first time point, accounting for five of 12 isolates and is seen 12 months later in Patient D.
Extended antigenic haplotype. The finding that eight Oksibil 1 isolates that expressed a common MSP2 could be discerned as comprising four different genotypes by the association with four distinct AMA1 alleles led us to examine a wide panel of polymorphic markers. Sufficient sample volumes were only present from the Oksibil 1 time point for the analysis of three further polymorphic antigens (Table 3) .
Amplification and sequencing of the Block 2 region of MSP1 revealed four novel alleles. The sequences could be classified within the existing MSP1 families by comparison with known peptide sequence data. Oddly, two bands could be separated by agarose electrophoresis after MSP1 PCR from many of the specimens. All of these separate bands were sequenced, and in most cases the sequence from the two bands was identical. In the case of one specimen (Subject N) mixed MSP1 alleles were present. The two MSP1 alleles in Patient N were from different dimorphic families.
The alanine heptad region of MSP3 was amplified. Whereas mixed laboratory strain genomic DNA-positive control reactions clearly amplified dual MSP3s, study samples that were mixed at other alleles showed the presence of only one MSP3. In the case of some of these specimens, minor bands were present in the PCR reactions. These bands were analyzed when possible but gave unreadable sequences. The deduced peptide sequence of the MSP3 alleles were identical to previously described sequences for laboratory adapted strains; O1/1 ‫ס‬ K1, O1/2 ‫ס‬ D10, and O1/3 ‫ס‬ NF54.
Nested PCR reactions were used to amplify the R2 repeat region of GLURP. As with MSP3 PCR, study samples were found to have only single GLURP alleles despite positive controls clearly amplifying mixed genomic GLURP targets.
The deduced peptide sequence of the study GLURP alleles were in keeping with the pattern of the F32 strain GLURP R2 sequence, with variation being shown in the number of the typical R2 19-20 mer repeats. The number of repeats varied, with 6, 7, and 9 being present.
Derivation of extended antigenic haplotype. Combining the result of the genotypes at all loci revealed that the 10 samples examined could be shown to be composed of nine separate genotypes (see Table 3 ). MSP2 analysis revealed five distinct allelic types, with AMA1 analysis revealing three additional, genotypically variant isolates all associated with the same MSP2 allele. The AMA1 results were clearly not artifactual, with multiple amino acid substitutions differentiating between the four different AMA1 HVRs (O1/1, O1/2, O1/3, and O1/6 or O1/7 in the mixed allelic infection, including O1/1/FC27 in Patient K; Figure 2 ). MSP3 and GLURP genotyping was not informative in the description of further genotypes, but MSP1 allowed recognition of a mixed infection that was homogeneous by the other four markers, accounting for the ninth genotype.
Five individuals were infected with an isolate of Genotype 3. On the basis of estimated gene frequencies, it is clear that this genotype occurs more commonly than would be expected by chance, and its stable set of characteristics allows for it to be truly referred to as a strain. This strain, therefore, was the dominant genotype in this set, with all other genotypes being seen only once.
Genotypic changes over 29 months. Using the two most discriminating of genotypic markers, MSP2 and AMA1, it could be seen that the dominant strain from the first time point, O1/1/FC27:O1/3, appeared once in the second time point and then was no longer detected. The individual alleles were also not present after Time Point 2. The proportion of individuals infected with the just-mentioned strain is greater in the first than the fourth time point (P < .01, Fisher exact two-tailed).
DISCUSSION
This study emphasises the polymorphic nature of isolates circulating in the field. Every one of the multiple loci examined in this group of field isolates of P. falciparum showed evidence of sequence diversity. We were able to apply all five markers only to the first time point; however, the two most discriminatory markers, AMA1 and MSP2, were applied to all other samples. It is reasonable to suggest that in malaria strain identification should depend on characterization of at STRAIN-SPECIFIC IMMUNITY TO P. FALCIPARUM least two diverse loci, as for many other microorganisms, and, further, should suggest some degree of stability over time. We define distinct genotypes as parasites differing at one or more loci and strains as those isolates that stably express the same extended antigenic haplotype. There are, by this definition, nine, six, three, and at least 11 genotypes circulating at the successive time points. There is abundant potential for genetic reassortment in the field, 27 and reassortment will almost certainly occur at different rates in different endemic areas. In this study, we see that at least one strain has remained sufficiently stable to be seen 1 year later.
In this study we raise a number of methodological issues. First, in our hands, there is differential sensitivity of the PCR procedure, with AMA1 detection being more sensitive than MSP2 detection (on the basis of the findings in Patient P, Time Point 4). Second, the presence of distinct bands by agarose gel electrophoresis of MSP1 PCR products may not be associated with differences in nucleotide sequence. We find this puzzling, but it was a reproducible finding. Altered mobility of heteroduplex DNA 28 is ruled out by the bands having the same sequence. Specific sequences of overhanging singlestranded termini have been shown to alter electrophoretic mobility of small fragments of DNA. 29 If a minor population of the MSP1 amplicons had these GC-containing overhangs, this may explain the unusual electrophoretic finding for MSP1. Such a phenomenon would tend to overestimate the degree of MSP1 and potentially other antigenic diversity in studies that rely on agarose gel electrophoresis and band size. Third, the type of DNA polymerase influences the product yield when amplifying AMA1; Ampli-Taq Gold appeared to selectively and reproducibly amplify a different allele from the Ampli-Taq and Pfu mixture. The likely reason for this phenomenon is varied molar concentrations of the mixed allelic infections, with major and minor populations of parasites amplifying differentially with the different PCR conditions, as has been documented with MSP1 and MSP2 allelic mixtures. 30 Fourth, the presence of mixed infections can complicate the assignment of genotypes because it is not possible to know which AMA1 is associated with which MSP2 in a single parasite. In the case of Time Point 1, there is a clearly dominant strain and for the other samples there is no ambiguity because all combinations are unique. The analysis of Time Point 4 is more complex, and a precise number of genotypes cannot be determined.
Larger sample volumes allowed us to use five markers at Time Point 1. In this small sample set, it does not appear that extra markers improve discrimination much above that seen with AMA1 and MSP2. The single exception is Patient N, in whom two isolates can be found based on MSP1. MSP3 and GLURP genotyping was of less value in isolate differentiation than typing at AMA1, MSP2, or MSP1. This relative lack of diversity is of potential significance in consideration of the vaccine efficacy of these proteins. Whereas new allelic forms of MSP1, MSP2, and AMA1 were identified in this study, MSP3 alleles were identical to those previously described. 4, 25 There is only a single complete GLURP sequence in Genbank, 5 and these three sequences differ in R2 repeat number. AMA1 is the most sensitive isolate marker, with seven different alleles present.
Using the available markers, we find that five of these 10 samples had identically genotyped strains. Given the extent of diverse genotypes in this small collection from a restricted geographic location with intense malaria transmission, this strain predominance is notable. Most field studies of P. falciparum show that identical isolates in multiple individuals is rare. 31 One study of MSP1/MSP2 genotyped isolates of P. falciparum from a Vanuatu island with very stable malaria transmission shows little overall diversity and a high rate of common genotypes. 32 Various P. falciparum isolates with identical three locus genotypes have been described in siblings in The Gambia, many of whom slept in the same room. 33 The individuals in our study with the same strain were unrelated and, moreover, came from two different villages on opposite sides of the river valley at the study site.
The findings with respect to AMA1 are of particular interest. Eleven of the infections involved AMA1 alleles seen also at other time points. By contrast, for MSP2, four alleles were seen at more than two time points, and there were no alleles in common between the first and the fourth time points. Extremely rapid change in the repertoire of circulating sequences seems to be a feature of MSP2 because there is a low degree of overlap between sequences collected 4 months apart in the Khan Nam region of Vietnam. 34 The reasons for this are unclear. It may be that the repertoire of MSP2 is much greater than that of AMA1, so that by chance one would be unlikely to see the same MSP2 in successive bleeds. This does not appear to be the case because all surveys of AMA1 sequence polymorphism in field isolates find a large number of different sequences, and new sequences are continually being identified, as in this study. 8, 24 Here the number of distinct alleles of AMA1 is essentially the same as that found for MSP2. This suggests that there is greater immune selection acting on MSP2 than AMA1, 35 allowing AMA1 alleles to persist for longer in the patient population. AMA1 and MSP2 alleles are unlinked in this study, and this is what would be expected because the coding genes reside on different chromosomes. 36 The degree of temporal change in both MSP2 and AMA1 alleles is greater than that seen in MSP1 over a similar time frame in Southern Vietnam 37 and for MSP2 and MSP1 on the Thai-Kampuchean border. 38 Although different methodologies are present in these studies, this suggests that regional factors may also play a role in change in parasite genotype in an endemic population with time.
Of the five polymorphic markers used, four have been shown to be the targets of host protective immune responses. 14, 15, [39] [40] [41] [42] [43] The finding of diversity in all of these reinforces the difficulties of inducing protective responses capable of transcending strain differences. Immune selection would be consistent with the diversity seen in AMA1, 44 and inefficient antibody responses are elicited to the repeat regions of the other antigens studied. 45, 46 Therefore, the significant change in isolate genotype between the first and the fourth time points of this study is notable. We have shown that the dominant strain from the first time point is initially involved in infections throughout the study region. It then becomes less common at the second time point 1 year later and then disappears. This may be due to strain-specific immunity developing in the population of the region to this common strain. We were unable to test this hypothesis further because the lack of serum samples prevented the detection of allelicspecific antibodies. Other factors involving vector characteristics may play a part in the change of genotype, but there is a clear selection against the O1/1/FC27:O1/3 alleles. It should be noted, however, that there is no direct evidence that all of the diversity documented here results in escape from allelic specific responses. It may be that a study such as this overemphasises the importance of diversity and that much of this is inapparent to the immune system. If this is the case, however, some other as yet unknown factor must give rise to this level of sequence diversity. Recombination as seen in P. falciparum AMA1 47 has been proposed as the source of the diversity seen in AMA1 in P. vivax 48 and could be a factor contributing to the overall diversity of merozoite surface antigens.
In a sense, the temporal change of parasite genotypes shown in this study could be interpreted as a natural experiment in vaccination, with strain-specific immunity providing a selective advantage for parasites expressing "novel" alleles at the later time points. The results indicate the importance of antigenic diversity as a major immune evasion mechanism of P. falciparum that must be overcome by successful vaccine strategies.
